The factors that influence membrane shape and flexibility are also very probably important to membrane budding (endocytosis and exocytosis). Despite the relative stability of the erythrocyte membrane, there are several well-documented examples of erythrocyte membrane invagination in response to certain amphipathic drugs (Deuticke, 1968; Ginn et al., 1969; Ben-Bassat et al., 1972) . Furthermore, membrane invagination can be induced in neonatal erythrocytes by antibody binding (Blanton et al., 1968) . Membrane evagination occurs with ATP depletion (Lutz, 1978) and in irreversibly sickled cells (Lessin et al., 1978) . It has been suggested that membrane budding is a normal occurrence, perhaps related to erythrocyte age, and that these changes may signal splenic sequestration (Holrodyde et al., 1970) .
The cytoskeletal protein meshwork is thought to determine membrane stability in isolated erythrocyte 'ghosts' (Lux, 1979; Branton et al., 1981; Gratzer, 1981) . These proteins tend to remain associated in medium of high ionic strength or in the presence of 0.1 mM-Mg2+. Homogenization under these conditions leads to the formation of right-side-out vesicles. Ion depietion and homogenization. on the other hand, lead to formation of inside-out vesicles. Lange et al. (1980) orders of magnitude lower than that for incubation. These results and others (Schrier et al., 1979) suggest that membrane budding is a multifactorial phenomenon. They point to the need for studies of other potential factors that might influence budding.
In the present paper the effect of protein binding on endocytosis is studied. Haemoglobin and glyceraldehyde 3-phosphate dehydrogenase are used, since they have been shown to interact with the 40000-dalton cytoplasmic portion of band-3 protein in solution (Yu & Steck, 1975; Salhany et al., 1980) , and probably within the intact cell under physiological conditions (Kliman & Steck, 1980; Eisinger et al., 1982) . Myoglobin was used as a control for a non-specific binding protein on the basis of its comparatively very low affinity for the membrane, as suggested earlier (Salhany et al., 1980) and shown in the present study.
Materials and methods
Recently out-dated human whole blood or packed erythrocytes were obtained from the Omaha Chapter of the American Red Cross. Fresh blood was obtained from a healthy donor. White erythrocyte 'ghosts' were prepared as previously described (Salhany et al., 1978) . After the fourth wash in 5 mM-sodium phosphate buffer, pH 8, the 'ghosts' were salt-stripped in 200 mM-NaCl/5 mM-sodium phosphate buffer, pH 8, and washed twice in 5 mM-phosphate buffer, pH 8, and once in 5 mMphosphate buffer, pH 6.
Haemoglobin was prepared essentially as described previously (Salhany et al., 1972) , except that the erythrocytes were washed in 150 mmNaCl/5 mM-phosphate buffer, pH 8, lysed in 5 mMphosphate buffer, pH 8, and dialysed against 5mM-phosphate buffer, pH 6, at 40C, after chromatography in 0.1 M-NaCl/20mM-Tris/HCl buffer, pH8. Glyceraldehyde 3-phosphate dehydrogenase (from yeast) was obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A.) and dialysed against 5 mM-phosphate buffer, pH 6.
Vesiculation of the unsealed erythrocyte 'ghosts' as a function of bound haemoglobin was studied by using Steck's (1974) method with the following variations. Portions. (2ml) of packed erythrocyte 'ghosts' were mixed 1:1 (v/v) with various haemoglobin concentrations (O to 300,M) at pH6, which led to virtually complete haemoglobin binding. The samples were diluted with 5 mM-phosphate buffer, pH 6, to about 40ml and centrifuged at 29 OOOg (15 000 rev./min) in a Sorvall centrifuge with rotor SS-34 for 10min. The supernatant fractions were colourless. The tubes were placed on ice, and filled to 40ml with 0.5 mM-phosphate buffer, pH6, and incubated for 60min. They were then centrifuged at 29 OOOg for 30min, then incubated at 370C for 35min and homogenized with four passes through a 27-gauge needle. After the homogenization, vesicles were washed in 0.5 mM-Tris/ HCI buffer, pH8, and suspended in lOml of the column buffer (0.5mM-Tris/HCl buffer, pH8, containing 0.5 mM-CaCl2 and 0.5 mM-MnCl2).
Preparations of inside-out vesicles were characterized on a concanavalin A-cellulose column. The method is adapted from the procedure of Kondo et at. (1980) and is based on the principle that erythrocyte-membrane sugars are exclusively located on the outer surface. Details of concanavalin A-cellulose preparation were as described by Kondo et al. (1980) . Concanavalin A-cellulose columns in 0.5 mM-Tris/HCl buffer, pH 8, containing 0.5mM-CaCl2 and 0.5 mM-MnCl2 were packed, and vesicles (0.3mg of protein/ml) were gently stirred into the top layer. The column was left to stand for 10min and then eluted with the same buffer, and 2ml samples were collected. Measurements of the absorbance at 495nm (where there is virtually no haemoglobin absorbance; Antonini & Brunori, 1971) were used to monitor vesicle turbidity. After the peak of inside-out vesicles appeared, 9 ml of methyl mannoside (Sigma Chemical Co.) in 0.5 mM-Tris/HCI buffer, pH 8 (0.1 M final concentration), was applied to the column. The column was left to stand overnight to assure complete release of right-side-out vesicles, filled with more methyl mannoside solution, and additional fractions were collected. Confirmation that peak turbidities corresponded to the presence of vesicles was made by protein determinations by the method of Lowry et al. (1951) , with bovine serum albumin as standard.
Routine transmission electron microscopy was performed with a Zeiss M-9 microscope.
Results and discussion
The breakdown of erythrocyte 'ghosts' into inside-out vesicles occurs by one of two pathways; which one is followed depends on temperature when other conditions are the same (Gratzer, 1981; Steck, 1974) . When unsealed erythrocyte 'ghosts' are warmed to 370C in low-ionic-strength buffer, the 'ghosts' swell and release a network consisting of cytoskeletal proteins (Gratzer, 1981) . Vesicles then probably form from the reticulum-free section of the bilayer, since the kinetics of breakdown of the erythrocyte 'ghosts' and the amount of free reticula parallel each other (Yu et al., 1973) . The effect of haemoglobin binding on endocytosis by this pathway is illustrated by the chromatograms in Fig.  1 . Haemoglobin-free salt-stripped membranes (which also lack glyceraldehyde 3-phosphate dehydrogenases; see Salhany & Gaines, 1981) produced predominantly inside-out vesicles (i.e. the first peak that does not bind to the matrix) in 0.5 mmphosphate buffer, pH6, on being warmed to 370C and homogenized as described above. Addition of chromatographed dialysed haemoglobin to unsealed erythrocyte 'ghosts' under conditions where all of the protein binds (Salhany et al., 1980) caused the ratio of inside-out vesicles to right-side-out vesicles to change markedly when vesiculation was induced. Addition of methyl mannoside to the column was required to elute the right-side-out vesicles. Routine transmission electron microscopy was used to confirm the presence of vesicles in the peaks. If methyl mannoside was not added, no peaks appeared in the positions of the right-side-out vesicles, showing that specific chemical displacement of these vesicles by a sugar is required, thus confirming their right-side-out orientation. Multiple peaks of various intensities are usually observed as the right-side-out vesicles are eluted from the column; the factors that distinguish these various populations have not been investigated in detail in the present study. Fig. 2 shows the ratio of inside-out vesicles to right-side-out vesicles in the presence of different amounts of added haemoglobin.
To determine how specific the haemoglobin effect is and to test whether it is related to binding to band-3 protein, we sought two types of control experiments. One would be addition of a protein that binds specifically to band-3 protein, and a second would be addition of a protein that binds to the low-affinity secondary (i.e. non-specific) sites. We chose glyceraldehyde 3-phosphate dehydrogenase as an example of a protein that binds specifically to band-3 protein (Yu & Steck, 1975 plotted versus tube number for control vesicles prepared as described in the text (-) and for vesicles prepared in an identical manner except that the starting unsealed erythrocyte 'ghosts' had 18O0UM-haemoglobin (haem basis) bound (0). The conditions for adding the haemoglobin, described more fully in the text, were such that all the haemoglobin was bound. After vesiculation, the material was washed free of haemoglobin and suspended in column buffer as described in the text. The first peak contains the inside-out-vesicle fraction, which does not bind to concanavalin A-cellulose (Kondo et al., 1980) . The arrow indicates the point at which methyl mannoside was added. The additional peaks represent methyl mannoside-displaced right-side-out vesicles (Kondo et al., 1980) .
The fact that myoglobin is a very weak nonspecific binding protein is vividly illustrated in Fig. 3 . We have previously measured haemoglobin's affinity to be about 0.2,uM under the present conditions (Salhany et al., 1980) . The conditions used for Fig. 3 were such that the concentration of membrane sites was greater than the concentration of haemoglobin, and, as a consequence of its high affinity, we observed stoicheiometric haemoglobin binding, as expected. When the same membrane site concentration per unit sample volume was used for myoglobin, non-stoicheiometric hyperbolic binding was observed. This indicates that myoglobin has a very low affinity. The inset to Fig. 3 shows a double-reciprocal plot, from which we find that myoglobin's dissociation constant was about 53,pm. This value is fully one to two orders of magnitude lower than that for haemoglobin under the same conditions (Salhany et al., 1980) . The value is close to that previously estimated for haemoglobin binding to the low-affinity sites (Salhany et al., 1980) . When enough glyceraldehyde 3-phosphate dehydrogenase was added to saturate all band-3-protein sites on the membrane, we see that it also inhibited membrane endocytosis (Fig. 2) . Addition of myoglobin did not inhibit endocytosis (Fig. 2) . The presence of myoglobin does seem to eliminate completely those few right-side-out vesicles that form under control conditions, thus explaining the slightly higher ratio of inside-out vesicles to rightside-out vesicles. These results suggest that, when a protein binds to band-3 protein, membrane endocytosis caused by ion depletion at 370C is inhibited, whereas non-specific protein binding to the membrane does not have a similar effect. The mechanism by which protein binding to band-3 protein inhibits endocytosis is unknown.
We must point out one potentially important consequence of our present finding to the problem of sickle-cell disease. It is now quite well established that sickle-cell haemoglobin has a higher affinity for the membrane than has normal haemoglobin (Fischer et al., 1975; Shaklai et al., 1981) . There is an increase in membrane-bound haemoglobin in erythrocytes from individuals with sickle-cell The inset shows a double-reciprocal plot of the myoglobin data (KD = 53 gM).
anaemia (Bank et al., 1974) . Bookchin et al. (1981) have reported that endocytosis is markedly inhibited in these membranes. Furthermore, Lessin et al. (1978) have shown exocytotic budding in irreversibly sickled cells with membrane-associated microbodies that contain haemoglobin. Although there are several other factors that could be responsible for these effects, our finding, combined with the results showing increased membrane-bound haemoglobin, could suggest that haemoglobin binding may contribute to this behaviour. Further research along these lines may prove rewarding and could help to answer some questions concerning cell viability in this disease.
